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THE THUNDERSTORM WAKE OF MAY~, 1961 1 

Dansy T. Williams 
National Severe Storms Project 

Kansas City, Mo. 

ABSTRACT 

The noc.turna1 thunderstorms occurring over the National Severe Storms 
Project Beta Network during the night of May 3-4, 1961 have been studied to 
show the features of the thunderstorm wake. In this region, to the rear of 
the active thunderstorm, there 1S a fall in surface pressure which is called 
the wake depression. It is a hydrostatic pressure fall which results as warm, 
dry air is produced aloft by subsidence at the trailing edge of the thunder
storms. The 'thunderstorm wake is most pronounced in 'the dissipating thunder
storm system, and the warm, dry air produced may lo~a11y reach the surface, as 
the warm wake. ' 

The warm, dry air may have its moisture restored rapidly by horizontal ad
vection and by the evaporation of the eariier rainfat"l. ' The production of con
siderable warm, dry air aloft and the rapid acquisition and vertical transport ' 
of moisture from , the surface provides an air mass which continues to be thermo
dynamically favorable for additional thunderstorm acti vi ty. 

I. INTRODUCTION 

During the spring of 1961, the National Severe Storms Proj ect operated a 
small-scale surface network in south-central Oklahoma. Identified as the.Beta 
network, it consisted of 36 stations spaced in oblique checkerboard fashion at 
10 to 1S-mi. intervals. Observations of surface pressure, temperature, rela
tive humidity, wind , and rainfall were recorded continuously in graphic form. 
Sample records of pressure, temperature, and relative humidity are shown in 
figure 1. A detailed index and description of this network has been prepared 
by Fuj ita [1]. Methods of analyzing the data ha~e been described by Williams. 
[2]. The data have been used for a number of case studies. 

The nocturnal thunderstorm case of May 3-4, 1961, was featured by the 
thunderstorm wake, a volume to the rear of the active thunderstorms charac
terized by pressure falls at the surface and by temperature rises and humidity 
falls aloft that extended locally down to the surface. It is the purpose of 
this paper to report on this feature. Additional features of the case are de
scribed in a more extensive work [3] which is on file at NSSP, Kansas City, Mo. 

1Portion s of this paper have been presented at the Conference on Severe Storms, Norman , Oklahoma, 
February 13-15, 1962. 
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Figure 1. '::' Microbarograph. thermograph. and hygrograph traces from Station 22 for 0130-0530 CST. 
May 4. 1961. The warming and desiccation occurring with the pressure fall may be noted. 

2. BETA NETWORK ANALYSES, · 

The basic analyses were made with respect to pressure and radar, temper
ature, relative humidity, and rainfall at S-min. intervals for the period 
1900 CST, May 3,· to 1100 CST, May 4. Due to space limi tations only a few of 
the analyses are presented: a series at 30-min. intervals from 0100-0500 CST, 
May 4, shown in figures 2-10. The northern row of stations, numbers 1-:6, have 
been cropped in the figures, since the features of interest did not extend 
that far north. 

In the sea level pressure analyses the isobars are drawn at 0.02 in. Hg 
intervals. High and low centers are indicated by "H" and "L," with central 
values labelled. The leading edges of pressure rises and the troughs of pres
sure falls are indicated by heavy solid and heavy dashed lines, respectively. 
Further identification is provided by the encircled letters and numbers, the 
number designating the appearance of each type of line over the network from 
a beginning time of 1900 CST, May 3. Radar echoes, as traced from the scope 
photographs of the WSR-S7 at Will Rogers Field, Oklahoma City, are shown as 
stippled areas. Values of circuit attenuation (estimated) are indicated. 

In the temperature analyses the isotherms are drawn at 2° F. intervals. 
Warm and cold centers are indicated by "W" and "C, II and central values are 
labelled. The leading edges of temperature rises and the troughs of temper
ature falls are indicated by warm and cold· front symbols, respectively. 
Further identification is provided by the encircled letters and numbers. 
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Figure 2.- Beta network analyses of pres
sure and radar (upper), temperature 
(middle), and rainfall (lower) for 
0100 CST, May 4. 
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Figure 3.- B~ta network analyses for 
0130 CST, May 4. 
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Figure 4 . . - Beta network anaiys.es for 0200 
CST. May 4. 
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Figure 5.- Beta network analyses for 0230 
CST. May 4. 
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Figure 6.- Beta network analyses of pres
sure and radar (upper), temperature 
(middle), ahd relative humidity (lower) 
for 0300 CST, May 4. 

Figure 7.- Beta network analyses for 0330 
CST, May 4. 
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Figure 8.- Beta network analyses for U4UU 

CST. May 4. 
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Figure 9.- Beta network analyses for 0430 
CST. May 4. 
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In the rainfall analyses 
the isohyets are drawn at 0.10 
in. (30 min. )-1 intervals, and 
maximum valu~s have been indi
cated. The first isohyet repre
sents the extent of measurable 
rainfall. Pressure change lines 
have been added. Rain fall anal
yses are shown only to 0230 CST; 
since rainfall thereafter was 
limi ted to the extreme south
eastern portion of the network, 
wi t;h amounts that did not exceed 
0.05 in. (30 min. )-1. 

In the relative humidity 
analyses the isopleths have been 
drawn at 10 percent intervals. 
Moist and dry centers are indi
cated by "M" and "D," and 
central values are "labelled. 
The leading edges of humidity 
rises· and the troughs of humid
i ty falls ·are indicated by 
heavY solid and heavy dashed 
lines, respectively. Further 
identification is provided by 
the encircled letters and num
bers. Relative humidity anal
yses are shown only for 0300-
0500 CST, this being sufficient 
to demonstrate the manner in 
which the humidity changed. 

Numerous change lines were 
present over the network during 
the period 0100-0500 CST. The 
warm, dry areas corresponded 
generally to areas of pressure 
fall, but not all of the pres
sure falls were so featured. 
Temperatur.es rose by as much as 
11 0 F .. to values that exceeded 
any observed previously. Hu~ 
midities fell to as low as 45 
percent from values that were 
above 90 percent. The warming 
and desiccation occurred g~n
erally in the echo-free air to 
the rear of the thunderstorms 
and in areas of diminishing or 
no rainfall. The radar echo 
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Figure 10.- Beta network analyses for 
0500 CST. May 4. 
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which was present ",:,hentemp~rature rise line W2 was generated, was separated 
nearly into two' as' the;r 'Wafming progressed. Both rise lines' W2 arid WS were 
ge~~rated _ at.,':Points~lt:l\ipthe network. The remaining rise lines were hi ex
,ist'ence when they ,entered th.enetwork. Thel,"e was a tendency for the temper .. 
a,tur~ ri:s.~ 'linestp merge,' 'and by 0400 CST all of them were cOhtained in W2. 

The temperature fall Jines, C1 and C2, which followed the rises., were 
comparatively small;. , by Q500 CST t~mperatures were sti11 66°-67°F. in the 
area' 'irhereJhe change$ had occurred. The humidity rises, M1 and -M2; which 
accompanied the temperature fa11s, were much greater, however; by ' 0500 CST , 
thehumidi ties had reached 90 percent or more everywhere except at Station 27, 
where the value was 86 p 'ercent. 

. Temperature rises : and humidity falls, following the passage of daytime 
thunderstorms, are usually interpreted as a recovery of these features, fol
lowing the temperature falls and humidi ty rises that may have occurred ear
lier near the leading edges o{'the storms. Such could not have been the 
case with the above storms, since temperature and humidity changes were neg.;, 
ligil::Hy small at the onset of the storms. 

' The terriperat~re rises and humidity fa11s, following the passage of 
thur)derstor~,s; are more common than is generally known . . A preliminary anal
ysis of the"'1962 and 1963 Beta network data showed many such 'occurrences, 
niOst 6f which were with respect to 'nighttime thunderstorms. In the bulk of 
these, the temperature rises amounted to less than 10° F., but there were 
three cases in which rises of 15°-20° F. occurred. Occurrences outside the 
Beta network have been documented in which the teinperatures ' attained were 
near 100 0 F. , Strong winds and low humidi ties accompanying the rises have 
even withered vegetation as well as alarmed residents. These extreme 
occurrences are quite local and are experienced only rarely. Garrett 2 has 
termed these. phenomena, "heat bursts." The occurrences of May 4 were not 
of this intensity. 

The pressure falls to the rear of the thunderstorm have been called 
pressure pulses .[4], depression waves [5, 6, 7], and wake depressions [8]. 
The latter term has been, used by Fujita, but in a recent paper [9] he indi
cates that itshQuld be, abolished, since the phenomenon sometimes occurs 
wi th respect · to a storm which is not moving; hence, has no "wake." Never
theless, the term is very descriptive, and since the pressure falls con
sidered here were with respect to moving storms, they will be termed wake 
depressions. The associated temperature rises and humidity falls will be 
termed warm wakes, and the volume characterized by the wake depression, 
the warm wake, and the echo-free air to the rear of the thunderstorm will 
be called the thunderstorm wake. The volume of both the active thunder
storm and the thunderstorm wake will be called the thunderstorm system. 

2Richard Garrett is Meteorologist in Charge, WBAS, Topeka, Kansas. He has used the term, "heat 
burst," in correspondence and conversation with the author. The term is very descriptive, but 
it is doubtful that there is any addition of heat in the process. 



3. MEeHAN I SM OF THE WAKE DE~RESSION 

, The wake depressioncouldres1,.llt from a decrease in mass of the column 
or from vertical accelerations on the mass. The increase in teinp~rat~re at 
the s~dace in close a~sociation wi th the wake depression , indiditesthata 
reduction in mass is accomplished by warming. 

Warming alo,ft is indicatedal so by the 0501 CSTsoufldihifilt ADM (Ardmore, 
Okla.) in fi gute 11, which was made in close proximity to pressure fall lines 
F8 ,andF9. The portion of the sounding from 941 to 512nlb.suggests ' stroo'gly ' 
that warming and desiccation had occurred by subsidence. ,' However; ' the warm, ' 
dry air did not reach the surface at ALM, as was the case in 'portions of the 
network to the north and wesL The fall in preSSure at ' ALM began at ' 0357 CST, 
and 'by 0501 CST a net fall of 0.14 in. Hg had occurred. 

There was no sounding immediately prior tb the passage of the pressure 
fall lines, so it can only be assumed that the warm, dry layer at 0501 CST 
occurred as pressures fell. , An estimated sounding for 0357 'CST was obtained 
by considering the manner in which , the warm, dry layer might have ' occurred. 
This could have resulted from the a'ddition of heat, horizontal advection of 
warmer ai 1', or subsidence through the " layer wi th respect to an ini'tial lapse 
rate less than the dry adiabatic rate. 

Addition of heat by insolation may be rul'ed out', since the warming ocur
red prior to sunrise. Latent heat of condensation may have been released 
earlier, but the extreme dryness of the layer indicates that none waS, being 
released at 0501 CST. 

A small port ion of the warming was due to horizontal ' advection. Panofsky"s 
equal ion of thermal advection [10], which gives the instantaneous ' rate from ' 
winds aloft data, showed warm advection at 0501 CST that ranged from 3.1" C. hr:l 
at 900 mb. to near zero at 650 mb. 

It is concluded that the desiccation and the remainder of the warming was 
accomplished by subsidence. Assuming the layer to have been sCaturat~d prior 
to subsidence, a coincident curve of temperature and moisture 'was constructed 
by locating Jthe points from which parcels would have had todescehd to 'pro- ' 
duce the 0501 CST values of mixing ratio and temperature, less the effects 
of horizontal advection. This curve was assumed to approximate the 0357 CST 
temperature-moisture curve from 950 to 550 mb. 

The temperature and moisture values at 050i CST and the assumed values 
for 0357 CST were converted to vi rtual temperature, and these were used in the 
hydrostatic equation to yield the pressure change a't the ' surface. TIlis was 
computed to be 0.21 in. Hg, a value somewhat larger than the observed fall of 
0.14 in. Hg. Lack of better agreement could 'result from (1) drift of the 
sounding balloon into a more intense portion of the pressure fall ~ (2) dis
regard of hydrostatic changes above 550 mb., (3) inaccuI-l;lcy of the assumed 
sounding for 0357 CST, and (4) neglect of vertical accelerations. 
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The first possibility does not appear significant. The observa~ion point 
was approximately 15 n. m.l. south.southwest of the center of lowest pressure; 
and ,the winds 'aloft maintained, the sounding instrument in approximately the 
same Position wi th r.espect to the center for at least the first 15 minutes of 
the ,obs;erVation. ' , 

The second possibility could have been appreciable. Al though the mean 
hod:;o;on.ta1 ,acivectiQo from 550 mb; tolhe' top of the sounding was slightly warm, 
a rather cold tropopause . of-68, 6° C. at 179 mb. at ()501 CST indicates that high· 
level cooling might have occurted, ·and such cooling would have reduced the net 
pre~sure fall . . . 

, 
As to the third possibil i ty, .the assumed moisture' and temperature. values 

could certa.1nly be in errOL In particular , it appearS that the layer might 
have been somewhat less than saturated· at 0357 CST, and this would have re· 
sulted in a somewhat lesser vah~e of the pressure fall. 

. , . " . " ,.; 

, As to the fourth possibi,1,ity, the changes in surface pressure due to 
vertical accelerations would have been negligibly small. Mean vertical veloc· . 
Hies that would have been required to effect the tempetatureand moisture 
changes at. AIlA in the layer .fr<;>m 950 to 550 mb. ·from 0357 to 0501 CST are shown 
in figure 12. The maximum downward speed was computed to be 64 cm. sec.-I at 
the 750 mb. level. Vertical velocities at the 850, .700, a:nd500 mb. levels 
wen~ computed also by adynamic-kinematic method [11] and are showri also in 
figure 12.;. In this computation the maximum downward speed was 33 em. sec.-I 
at the 700.,.mb. level. The di fference in values is due to the methods used. 
In the former, a point value at ADM, averaged with respect . to the time period 
0357-0501 CST, was obtained. In the latter an instantaneous value at 0501 CST, 
areally averaged wi th respect to a circle .. of 60 n. mi. radius from ADd, was ob· 
tained. · In ei ther case the accelerations involved in reaching the velocities 
would have resul ted in negligibly small pressure changes. 

It is concluded that the wake depression near ADM at 0501 CST resulted 
from warming and desiccation in a layer from just above the surface · to 550 mb. 
and that the warming and desiccation occurred primarily from sub'sidence . 
motion . . The subsidence appears to be ~ . , typical feature of the thunderstorm 
wake. However, a description of its mechanism, as related to the overall 
thunderstorm system, is . beyond the limi t .S of the data available for this case. 

~. THE WARM W.AKE 

The local extent of the warm wake at the su·rface has been shown in 
figures 2-10. That the warm wake may be of greater extent aloft is indicated 
by the wake depressions which occurred withQut surface warming and by the 
0501 CST ADd sounding in figUre 11. Evidence of similar but lesser amounts 
of warming and desiccation are indicated, also, by the 0530 CST sounding at 
OKC (Oklahoma City, Okla.) and by the 0502 CST sounding at l,-TS (Altus, Okla.) 
shown, in figures 13 and 14. The small sectional charts in figure 15 show the 
areal distribution of the warmer air at several constant pressure levels. The 
warmer air sloped northwestward with height, with a warm center over ADM at 
900 and 800 mb. and a warm ridge along an axis from OKC to SPS (Wichi ta Falls, 
Tex.) at 700 and 600 mb. The question arises as to why the warm wake should 
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be so extensive aloft and so local at the surface. A partial . answer is found 
by considering the surface fields of horizontal velocity divergence~ 

The divergence field at 0230 . CST, May 4, computed from the surface wind 
data wi th respect· to a 20 n. mi. measuring interval, is sh~wn in figure 16. 
The divergence field may be compared with the pressure and· tempera ttire analy'" 
ses for the same time in figure 5 . .. Pressure fall lines F8 and F9 Were present' 
in an area of convergence, and the center· of maximum convergence was. located 
roughly in t he area of lowest pressure. Pressure · rise lines R8 andR9 were 
present in an area of positive divergence,and the center of maxim1.Jm diver .. 
gence was located near the cent.er of the radar echo and a short distance north
west of the area of highest pressure. ·The newly formed warm area to the rear 
of temperature rise line W2 wa:s contained in ·a region of posi tive divergence, 
but the warm areas to the rear of W3 and W5 were largely in regions of 
convergence. 

Vertical motions at a s.mall height al?ove the surface would have been up
ward in the regions of surface convergence and downward in the regions of 
surface divergence. With the warm wake generated aloft by downward motion an 
interface bounding the lower extent of the warmer temperatures would be es
tablished some distance above the surface in regions of surface convergence. 
Such appeared to have been the case at AUt where the W;3.rm wake did not reach 
the ·surface. The only region in which a warm wake could extend down to the · 
surface would be in a region of surface divergence. This was true with re~ 
spect to W2, where the surface warmingwa~ present in a region of surface di
vergence. Surface divergence would be necessary to permit the warm air to 
reach the surface; however,once the warm air h'ad reached the surface, con-· 
vergence would not destroy it. It would persist until horizontal advection 
carried it away, or until other processes modified it. Such appears to have 
been the case wi th respect to W3 ami W4, which were generated prior to 
moving into the network. . 

It appears; then · that a time sequence of ·events is responsible for the 
warm wake aloft, the wake depression, and the warm wake at the surface. 
First, subsidence motion produces a layer of warm, dry air aloft. . The re
suI ting increase in mean virtual temperature of the column then produces the 
wake depression. the resul tingpressure gradients establ ish a wind field 
which results in surface convergence in the wake depression. The conver
gence induces upward motions in a shallow layer above the surface, and this 
prevents further descent of the warm, dry air. Warm, dry air can reach the 
surface only in a corridor between the thunderstorm and the wake· depression, 
which is characterized by positive divergence. In many instances, this cor
ridor might not exist, and there would be no warm wake at the surface. The 
comparative rarity of warm wakes at the surface, and their local extent when 
they do occur, indicates that this is usually the case. 

Fujita [8] has shown that the stage of thunderstorm activity corresponds 
to the relative amounts of excess pressure and deficit pressure of the system. 
Late stages of thunderstorm activi ty are characterized primarily by defici t 
pressure; i. e. ' . the wake depressions are more pronounced than the pressure 
rises. Using Fujita's classification, it was found that the systems occur
ring over the Beta n~twork during the late evening hours of May 3 were pri-

marily developing or mature systems. Those occurring during the early morning 
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hours of May 4 were primarily dissipating or remnant systems. The systems 
during . the late evening were not characterized by warm wakes . . The substantial 
warmwakesoc;:curred from 0115 to 0500 CST on May 4, when the.thunderstorni 
activity was diminishing. It appears, then; that . the warm wake is most char
acteristic of dissipating thunderstorms. 

5. MODIFICATION OF THE , WARM WAKE 

The warm air was quasi -perman~nt, although the dryness was not. The 
continued presenGe and sharp boundary of the warm air at 0800 CST, May 4, is 
shown in figure 17. It was,in fact, maintained into the afternoon of May 4, 
as a quasi-stationary front across the Beta network. Average humidities re
covered ·.rapidly, however, wi thvalues at 0500 CST wi thin 1 percent of those 
at 0100 CST. 

9 J""1e~ 
..... ncAL .'.LU 

Figure 16.- Horizontal velocity divergence at · 
the surface. 0230 CST. May 4. Isopleths are 
drawn at 1 x 10-4 sec.- 1 intervals. Surface 
winds are plotted with a whole barb equal to 
10 kt •• and the positions of the· pressure 
change lines have been added. Radar echoes 
are also shown. 

Figure 17.- Beta network temperature analysis 
for 0800 CST. May 4. 

It was noted, also, · that the amounts of temperature and humidity change 
varied appreciably in the same local area. For example, the humidity fell to 
only 80 percent at Station 19 at 0405 CST, while it fell to 54 percent at 
Station 18 at 0420 CST and to 45 percent at Station 17 at 0420 CST.Corre
sponding temperature rises for · these stations were 5.0° ', 8. ~ and 11.00 F, 
respectively. Questions arise as to why the temperature and humidity changes 
were so appreciably different at adjacent stations and why the humidi ty re
covered while the temperature did not. 

The non-uniformity of the changes may have been due to variations 1n the 
processes causing them. However, it was noted that the humidity falls ap~ 
peared to have been less in the regions of the heavier rainfall. This sug
gests that the evaporation of the earlier rainfall had raised the humidi ty of 
the newly produced dry air and that continued evaporation had shortened the 
time that the air remained dry. 
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This hypothesis was tested by comparing the total rainf~ll for the period 
1900 CST, May 3, to 0500 CST, May 4, with the average humidi ty deficit for the 
period 0100 to 0500 CST, May 4. The average humidity defid t w~sobtainedat 
all stations by averaging theirhumidi ties at 5-min. intervals from 0100 to ' 
0500 CST and'subtracting this value from the humidity value present prior to 
the passage of the first humidi ty fall line, Dl. An analysis of· the average 
humidity deficit is shown iIi figure 18. MaximUIJi deficit values were approxi
mately along a line' cohnectingstations 17, -22, 23, 25, .and 36. Miriimum 
values were present along boundaries which marked the area of the humidity 
fans. ' . 

The total rainfall at stations 7, 8, and 13-36 ·forthe period 1900 CST, 
May 3, to 0500 CST, May 4., is shown in figure 19. One may note some- sirriilari ty 
in the. isopleths of figUres 18 and 19; e. g., at Station 36 a large value of the 
humidity deficit corresponds to a small amount of rainfall. while at Station19 
a small value of the humidity' defici t c<;>rresponds to a large amount of rainfall 

Q . 5 10 1,5 " zp 
iWlTIC"~ "I~l' 

Figure 18.- Average humidity deficit analysi~ 
for the period 010Q-0500 CST. May 4. Isopleths 
are drawn at 4 percent intervals. 

Figure 19.- Total rainfall for the period 
1900 CST. May 3. to 0500 CST. May 4. Iso
hyets are drawn at 0.25 in. intervals. 

To test the goodness of the correspondence, the scatter diagram shown 
in figure 20 was constructed. Only Stations 17-30 .and 33-36 were used. Most 
of the stations near the boundary of the'area affected were deleted, since 
small values of the humidi ty defici t the're would likely resul t f rom the weak
ness of the processes causing them. The diagram shows a fair grouping of all 
stations, except Stations 22 and 35 . . Station 35 probably should have been de
leted, since it was near the southern boundary of most of the humidity fall 
lines. There is no apparent explanation for the poor fit of Station 22. An 
envelope enclosing all stations, except Stations 22 and 35, was constructed, 
and a median curve was fitted within the envelope. The median curve shows 
that the humidity defici t decreased as. rainfall amounts ' increased. wi th the 
decrease most rapid for rainfall amounts in excess of one inch. The corre
spondence is considered qui te good in view of the 'fact that other factors, 
such as runoff rate, loss of 'moisture into the ground, nature of the ground 
surface, and the effects of wind, were ignored. 



To determine wh~ther the 
evaporation of rainfall was the 
only modi fyingprocess, the small 
area including stations 17 -20, 22, 
and 28-29, outlined in figure 21, 
was considered. Station 21 could 
not be used due to a mal funct ion· 
of i is thermograph. This area 
was traversed primarily by change 
lines W2, Ws, D2, and Ds, and \Vas 
selected to avoid the comp1ica-' 
tions of too many overlapping 
change· lines. A1 though it was 
stated previously that the warm 
air was quasi-permanent, temper
atures did fall somewhat as 
humidities rose. The amounts of 
fall, however, were not so great 

. as the previous rises, which sug
gests that the cooling was ac
complished by the evaporation of 
the earlier rainfall. One needs 
to determine, however, whether 
the temperature falls were in· 
agreement with the amount of 
evaporation that would have been 
required to produce the observed 
humidity rises. 

The major portions of the 
changes occurred in 15 minutes' 
time or less. Table 1 shows tht 
IS-min. changes of temperature, 
relative humidity, and mixing 
ratio t hat occurred. Inclusive 
times of the changes are also 
given. On the average, tempera
ture fell 3. SO F. , humidity rose 
27 percent, and mixing ratio 10-

creased by 2.6 gm. kg. -1 .. 

In order to ascertain the 
amounts of change due to evap-. 
oration, the wet bulb tempera
tures of stations in 'the warm, 
dry air were computed. These 
were then used with the tempera
tures observed 15 min .. later to 
ascertain the increments.of rel
ative humidity and mixing ratio 
that would have been required to 
reduce the temperatures, assuming 
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Figure 20.- Scatter diagram of the 
average humidity deficit and the 
total rainfall. The envelope of . 
values is indicated by the dashed 
lines. The median curve is a 
solid line. 

Figure 21.- Analysis of the percentages of 
moisture increase due ,to evaporation and 
advection from 0330 to 0440 CST. MaY·4. 
Isopleths are drawn at 10 percent inter
vals. The upper numbers refer to the 
percentage of moisture increase due to 
evaporation. while those to the right 
refer to the percentage of increase due 
to advection. 
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that the wet bulb temperature did not change. The r~quired values are shown 
in , table 1. Cooling by evaporation would have been more ' than adeq4ate t ,o 
effect the temperature changes. On the average,a 13 percent i I1crease in reL
ative humidity, or 0.8 gm. kg.,...l increase in mixing ratio; would have reduced' 
the temperatures to the observed values. It is'qtiite apparent that the ob
served changes could have been due only in part to the inimediate evapo.ration 
of moisture into the warm, dry air. 

Table I. ' Incremlmts of temperature, relative humidity, and mixing ratio for selected 15,..min. 
periods over a ' ,small ar'eatr.aversed by W2, Vis, D2. ,andD5. 

Observed Required Excess 
Station Time Period 6T 6Rfl 6W 6RH 6W 6RH 6 W 

CST (dF. ) (%) (gm. ) (%) (gm. ) (%) (gm.) 

17 0420~0435 -6.5 34 3.0 23 1.5 11 1.5 

18 0425-0440 -2.5 16 1.,3 11 0.6 5 0.7 

19 0405-0420 -1.5 17 1.6 7 0.,4 10 1>2 

20 0415-0430 -3.0 23 2.3 12 0.7 11 1.5 

22 0405-0420 -3.0 29 3.3 10 0.6 19 2.7 

28 0330-0345 -4.0 35 3;8 15 0.9 20 2.9 

29 0340-0355 -4.0 33 3.2 16 0.9 17 2.3 

Average ---.---.- -3.5 27 2.6 13 0.8 14 1.8 

The mixing ratio increments over arid above those required by evapora
tion are also shown in table 1. They rarlge from 0.7 to 2 . 9 gm. kg.-l. The 
smaller increments were generally near the northern boUndary of the area con
sidered. The percentages of increase ' are shown in' figure 21. 

The wirid observations indicated a general southeasterly flow over the 
area considered. Winds, averaged for the period, 0330~0440 CST, are plot
ted in figure 21. They indicate advection from the south-southeast. Since 
the air outside the area conside,red was nearly saturated, ample moisture 
would have been available ,to raise the humidities in the area of advection. 
This being the case, stations near the southern boundaries of the area would 
have had their humidities increased rapidly by advection. Stations more dis
tant from this boundary would have had a longer time for evaporation to in-
crease their humidi ties. Such is indicated by the isopleths in figure 21. 

It is concluded that the rapid recovery of moisture was accomplished by 
the combined effects of evaporation of earlier rainfall and advection of 
moist environmental air. Advection was most effective overall; but for sta
tions most distant from the advection source, evapOration accounted for as 
much as SO percent of the moisture increase. 

The quasi-permanence of the warm ,air from the thunderstorm wake and its 
tendency to recover moisture suggests a process by which warm" moist air may 
become available for future thunderstorm activity. The dissipating thunder~ 
storm system produces warm, dry air over a considerable area at low and inter
mediate levels. Moisture is acquired rapidly by the evaporation of the~earlier 
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rainfall and by advection. Vertical transport of the moisture may be iniated-
by low-level convergence in the wake_ depression and further maintained by 
daytime heating; which results in addi tiona1 evaporation of any remaining rain
fall. These processes then provide the low-level depth of warm, moist air 
which is typically required for thunderstorm activi ty. Above this depth, the 
remaining warm, dry air of the - thunderstorm wake would act as a restraint to 
convection, un_til such time as it might be penetrated by upward motions from 
below. 

These processes suggest a cycle of thuriderstorm occurrences. Such is 
frequently the case. Thunderstorms occurred again over the Beta network be
tween 0800 and 1100 CST on May 4, and also during the evening and night of 
May 4-5. The cycle would be broken, of course, when and if other parameters 
required for activity were lacking. 

6. A MODEL OF THE THUNDERSTORM WAKE 

A model of the thunderstorm wake is shown in figure 22. It is a verti
cal time section of potential temperature and relative humidity from the sur
face to 300 mb. The section is a composite of assumed and actual soundings, 
adjusted in time to fit the surface data at Station 22 for the period 0130-
0530 CST, May 4. The assumed 0357 CST ADM sounding was placed at 0226 CST, 
and -the 0501 CST ADM sounding was placed at 0330 CST, the time of passage of 
pressure fall line F9 at Station 22. The 0502 CST LTS sounding was assumed 
to represent conditions 3 hours later at 0630 CST, arid was used to inter
polate the portion of the section from' 0330 to 0530 CST. The portion of the 
section from 0130 to 0226 CST was extrapolated. Portions of the section near 
the surface were adjusted to fi t the surface data at Station 22. Profiles bf 
these data are shown below the section with pressure change lines R8 and F9 
and the associated radar echo indicated. 

The section can be considered only an approximation. As constructed, it 
is quasi-consistent hydrostatically with the observed pressure changes at 
Station 22, _but since the temperature and moisture fields above 300 mb. were 
not consi4ered, complete consistency was not sought. 

Arrow vectors indicate t he probable vertical velocities. They were con
structed proportional to the slope of the isentropes, and generally the 
values of relative humidity decrease downward in regions of downward motion 
and _upward in regions of upward motion '. The net effect of the subsidence 
motion is indicated to be an undercutting of the thunderstorm on its trailing 
edge, which would resu1 t in the visible cloud til ting to the rear wi th height. 

A composite time section of the thunderstorm has been constructed by 
Newton [12], using soundings of the Thunderstorm Project [13]. This composite, 
redrawn to the scale of the model in figure 22, is shown in figure 23. It 
shows the active thunderstorm, as well as most of the thunderstorm wake. The 
dryness aloft is well shown, and slight warming is also indicated. The warm, 
dry air did not extend to the surface, ho";"ever. Although the thunderstorm 
wake in figure 22 appears exaggerated with respect to that in figure 23, the 
correspondence is considered to be satisfactory. Newton's data ,were with 
respect to mature daytime thunderstorms in which the thunderstorm wake is less 
pronounced. 
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tervals are shown as solid lines, and isopleths of relative humidity at 20 per·cent intervals 
are shoWn as dashed lines. The probable outline of the visible thunderstorm is indicated 
within the region in which relative humidity exceeds 90 percent. 



21 

.50% 30% 330" 
. 400 

7.o_o/~ I 
' . ;1' ., \ \ 

22 i " ',' , ' \ \ 
/ , 

, \ \ 
" \ \ I 

'20 '3250 

18 DRY 500 

3200 

16 

I -- 30% 
.-14 I 315 0 600 
I.L. MOIST m 

12 
90%+ - , ~ 

It) f -- 50% 
0 I 

' - 310" l&J 

.-10 700 a: --- ::> 
:I: 70% en. 
(!) en 
w 8 w 
:I: 800 

a: 
0-

6 3050 

4 2950 
, 90% 900 

2 
-1---- 300 0 

1000 
T1ME HR 4 3 2 0 -1 T1ME HR 

I I I 
Figure 23.- Newton's composite v.ertical time section of a mature thunderstorm. 



22 

7. SUMMARY 

The thu~derstorm wake is a volume to the rear of the active thunderstorm, 
which is characterizeq by diminishing radar echoes and rainfall, a wake depres
sion, and a warm wake. The wake depression is a hydrostatic pressure fall, 
which results primarily from the production of warmj ·drY air aloft. The warm, 
dry air, which is termed thewatm wake, IS produced by. subsidence to the rear 
of the thunderstorms. 

The warm wake aloJt is mor.e extensive tha~ at the surface. Descent of 
the warm, dry air to the' surface occurs only locally; most of the air remains 
aloft because of the convergence field generated by t he wake depression. 

The thunderstorm wake is most pronounced with respect to dissipating 
thunderstorm systems. 

The warm temperatures which reach the surface are quasi-permanent, but 
moisture is restored rapidly by horizontal advection and by the ~vaporation 
of earlier rainfall. These processes result in ·the formation of an airmass 
which is thermodynamically favorable for addi tiona1 thunderstorm actlvi ty. 
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